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METHODS AND SYSTEMS FOR DETECTING 
EPILEPTIC EVENTS USING NONLINEAR 

ANALYSIS PARAMETERS 

FIELD OF THE INVENTION 

This invention relates generally to medical device systems 
and, more particularly, to medical device systems and meth 
ods capable of determining and, in some embodiments, treat 
ing an occurring or impending epilepsy event, for example an 
epileptic event. 

DESCRIPTION OF THE RELATED ART 

Many advancements have been made in treating diseases 
such as depression and epilepsy. Therapies using electrical 
signals for treating these diseases have been found to effec 
tive. Implantable medical devices have been effectively used 
to deliver therapeutic stimulation to various portions of the 
human body (e. g., the vagus nerve) for treating these diseases. 
As used herein, “stimulation,” “neurostimulation,” “stimula 
tion signal,” or “neurostimulation signal” refers to the appli 
cation of an electrical, mechanical, magnetic, electromag 
netic, photonic, audio, and/or chemical signal to a neural 
structure in the patient’s body. The signal is an exogenous 
signal that is distinct from the endogenous electrical, 
mechanical, and chemical activity (e. g., afferent and/ or effer 
ent electrical action potentials) generated by the patient’s 
body and environment. In other Words, the stimulation signal 
(Whether electrical, mechanical, magnetic, electromagnetic, 
photonic, audio or chemical in nature) applied to the nerve in 
the present invention is a signal applied from an arti?cial 
source, e.g., a neurostimulator. 
A “therapeutic signal” refers to a stimulation signal deliv 

ered to a patient’s body With the intent of treating a medical 
condition by providing a modulating effect to neural tissue. 
The effect of a stimulation signal on neuronal activity is 
termed “modulation”; hoWever, for simplicity, the terms 
“stimulating” and “modulating”, and variants thereof, are 
sometimes used interchangeably herein. In general, hoWever, 
the delivery of an exogenous signal itself refers to “stimula 
tion” of the neural structure, While the effects of that signal, if 
any, on the electrical activity of the neural structure are prop 
erly referred to as “modulation.” The modulating effect of the 
stimulation signal upon the neural tissue may be excitatory or 
inhibitory, and may potentiate acute and/ or long-term 
changes in neuronal activity. For example, the “modulating” 
effect of the stimulation signal to the neural tissue may com 
prise one more of the folloWing effects: (a) initiation of an 
action potential (afferent and/or efferent action potentials); 
(b) inhibition or blocking of the conduction of action poten 
tials, Whether endogenous or exogenously induced, including 
hyperpolariZing and/ or collision blocking, (c) affecting 
changes in neurotransmitter/neuromodulator release or 
uptake, and (d) changes in neuro-plasticity or neurogenesis of 
brain tissue. 

In some embodiments, electrical neurostimulation may be 
provided by implanting an electrical device, i.e., an implant 
able medical device (IMD), underneath the skin of a patient 
and delivering an electrical signal to a nerve such as a cranial 
nerve. Generally, electrical neurostimulation signals that per 
form neuromodulation are delivered by the IMD via one or 
more leads, although leadless neurostimulators have also 
been developed. The leads generally terminate at their distal 
ends in one or more electrodes, and the electrodes, in turn, are 
electrically coupled to tissue in the patient’s body. For 
example, a number of electrodes may be attached to various 
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2 
points of a nerve or other tissue inside a human body for 
delivery of a neurostimulation signal. 

While feedback stimulation (i.e., an electrical signal 
applied in response to a sensed body parameter such as heart 
rate) schemes have been proposed, conventional vagus nerve 
stimulation (VNS) usually involves non-feedback stimula 
tion characterized by a number of parameters. Speci?cally, 
conventional vagus nerve stimulation usually involves a 
series of grouped electrical pulses de?ned by an “on-time” 
and an “off-time.” Each sequence of pulses during an on-time 
may be referred to as a “pulse burst.” The burst is folloWed by 
the off-time period in Which no signals are applied to the 
nerve. During the on-time, electrical pulses of a de?ned elec 
trical current (e.g., 0.5-2.0 milliamps) and pulse Width (e.g., 
0.25-1.0 milliseconds) are delivered at a de?ned frequency 
(e.g., 20-30 HZ) for the on-time duration, usually a speci?c 
number of seconds, e.g., 10-60 seconds. The pulse bursts are 
separated from one another by the off-time, (e.g., 30 sec 
onds-5 minutes) in Which no electrical signal is applied to the 
nerve. The on-time and off-time parameters together de?ne a 
duty cycle, Which is the ratio of the on-time to the combina 
tion of the on-time and off-time, and Which describes the 
percentage of time that the electrical signal is applied to the 
nerve. 

In conventional VNS, the on-time and off-time may be 
programmed to de?ne an intermittent pattern in Which a 
repeating series of electrical pulse bursts are generated and 
applied to a cranial nerve such as the vagus nerve. The off 
time is provided to alloW the nerve to recover from the stimu 
lation of the pulse burst, and to conserve poWer. If the off-time 
is set at Zero, the electrical signal in conventional VNS may 
provide continuous stimulation to the vagus nerve. Altema 
tively, the off time may be as long as one day or more, in 
Which case the pulse bursts are provided only once per day or 
at even longer intervals. Typically, hoWever, the ratio of “off 
time” to “on-time” may range from about 0.5 to about 10. 

In addition to the on-time and off-time, the other param 
eters de?ning the electrical signal in conventional VNS may 
be programmed over a range of values. The pulse Width for 
the pulses in a pulse burst of conventional VNS may be set to 
a value not greater than about 1 msec, such as about 250-500 
usec, and the number of pulses in a pulse burst is typically set 
by programming a frequency in a range of about 20-150 HZ 
(i.e., 20 pulses per second to 150 pulses per second). A non 
uniform frequency may also be used. Frequency may be 
altered during a pulse burst by either a frequency sWeep from 
a loW frequency to a high frequency, or vice versa. Altema 
tively, the timing betWeen adjacent individual signals Within 
a burst may be randomly changed such that tWo adjacent 
signals may be generated at any frequency Within a range of 
frequencies. 

Although neurostimulation has proven effective in the 
treatment of a number of medical conditions, it Would be 
desirable to further enhance and optimiZe neurostimulation 
for this purpose. For example, it may be desirable to detect an 
occurring or impending epilepsy event. Such detection may 
be useful in monitoring the course of a patient’s disease or the 
progress of his or her treatment thereof. Alternatively or in 
addition, such detection may be useful in Warning the patient 
of an impending epilepsy event or alerting the patient, a 
physician, a caregiver, or a suitably programmed computer in 
order for that person or computer program to take action 
intended to reduce the likelihood, duration, or severity of the 
epilepsy event or impending epilepsy event, or to facilitate 
further medical treatment or intervention for the patient. Con 
ventional VNS stimulation as described above does not detect 
occurring or impending epilepsy events. 
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SUMMARY OF THE INVENTION 

In one aspect of the present invention, a method of detect 
ing an epilepsy event in a patient is provided. In one embodi 
ment, the method comprises receiving data relating to a beat 
sequence of the patient’ s heart; determining at least one regu 
larity nonlinear analysis parameter associated with the beat 
sequence of the patient’s heart and at least one predictability 
nonlinear analysis parameter associated with the beat 
sequence of the patient’s heart; comparing the at least one of 
the at least one regularity nonlinear analysis parameter to a 
?rst threshold and the at least one predictability nonlinear 
analysis parameter to a second threshold; and providing an 
output indicative of at least one of an unstable brain state, a 
brain state indicative of an elevated probability of a seizure, a 
brain state indicative of an impending seiZure, or a seiZure 
based on the comparison. 

In one aspect of the present invention, a method of detect 
ing an epilepsy event in a patient is provided. In one embodi 
ment, the method comprises receiving data relating to a beat 
sequence of the patient’ s heart; determining at least one regu 
larity nonlinear analysis parameter associated with the beat 
sequence of the patient’s heart; comparing at least one of the 
at least one regularity nonlinear analysis parameter to a ?rst 
threshold; and providing an output indicative of at least one of 
an unstable brain state, a brain state indicative of an elevated 

probability of a seiZure, a brain state indicative of an impend 
ing seiZure, or a seiZure based on the comparison. 

In one aspect of the present invention, a method of detect 
ing an epilepsy event in a patient is provided. In one embodi 
ment, the method comprises receiving data relating to a beat 
sequence of the patient’s heart; determining at least one pre 
dictability nonlinear analysis parameter associated with the 
beat sequence of the patient’s heart; comparing the at least 
one predictability nonlinear analysis parameter to a second 
threshold; and providing an output indicative of at least one of 
an unstable brain state, a brain state indicative of an elevated 

probability of a seiZure, a brain state indicative of an impend 
ing seiZure, or a seiZure based on the comparison. 

In one aspect of the present invention, a method of detect 
ing an epilepsy event is provided. In one embodiment, the 
method comprises receiving data relating to a beat sequence 
of the patient’s heart; determining at least one nonlinear 
analysis parameter associated with the beat sequence of the 
patient’s heart; comparing the nonlinear analysis parameter 
to a threshold; and providing an output indicative of at least 
one of an unstable brain state, a brain state indicative of an 
elevated probability of a seiZure, a brain state indicative of an 
impending seiZure, or a seiZure based upon the comparing of 
the nonlinear analysis parameter to the threshold. 

In another aspect of the present invention, a medical device 
for detecting an epilepsy event is provided. In one embodi 
ment, the medical device comprises a sensing module 
adapted to receiving data relating to a beat sequence of the 
patient’s heart; a nonlinear analysis parameter processing 
module adapted to determining at least one nonlinear analysis 
parameter associated with the beat sequence of the patient’s 
heart, and adapted to compare the nonlinear analysis param 
eter to a threshold; and a communication unit adapted to 
provide an output indicative of at least one of an unstable 
brain state, a brain state indicative of an elevated probability 
of a seiZure, a brain state indicative of an impending seiZure, 
or a seiZure based upon the comparing of the nonlinear analy 
sis parameter to the threshold. In one embodiment, the medi 
cal device comprises an implantable medical device. 
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4 
In yet another aspect of the present invention, a computer 

readable program storage device is provided that is encoded 
with instructions that, when executed by a computer, perform 
the method described above. 

In one embodiment, a medical device system is provided 
that comprises the medical device described above. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention may be understood by reference to the fol 
lowing description taken in conjunction with the accompany 
ing drawings, in which like reference numerals identify like 
elements, and in which: 

FIG. 1A provides a styliZed diagram of an implantable 
medical device implanted into a patient’s body for providing 
a therapeutic electrical signal to a neural structure of the 
patient’s body, in accordance with one illustrative embodi 
ment of the present invention; 

FIG. 1B provides a styliZed diagram of an implantable 
medical device implanted into a patient’s body for providing 
a therapeutic electrical signal to a neural structure of the 
patient’s body, in accordance with one illustrative embodi 
ment of the present invention; 

FIG. 1C provides a styliZed diagram of an implantable 
medical device implanted into a patient’s body for providing 
a therapeutic electrical signal to a neural structure of the 
patient’s body, in accordance with one illustrative embodi 
ment of the present invention; 

FIG. 2 is a block diagram of a medical device system that 
includes an implantable medical device and an external 
device, in accordance with one illustrative embodiment of the 
present invention; 

FIG. 3A is a styliZed block diagram of a heart beat sensor 
interface of a medical device, in accordance with one illus 
trative embodiment of the present invention; 

FIG. 3B is a styliZed block diagram of a heart beat data 
processing module of a medical device, in accordance with 
one illustrative embodiment of the present invention; 

FIG. 4 is a block diagram of a nonlinear analysis module of 
a medical device, in accordance with one illustrative embodi 
ment of the present invention; 

FIG. 5 is a block diagram of a medical device system 
external device, in accordance with one illustrative embodi 
ment of the present invention; 

FIG. 6 illustrates a ?owchart depiction of a method for 
detecting an epilepsy event, in accordance with an illustrative 
embodiment of the present invention; 

FIG. 7 illustrates a ?owchart depiction of a determining 
step of the method depicted in FIG. 6, in accordance with an 
illustrative embodiment of the present invention; 

FIG. 8 illustrates a ?owchart depiction of a providing step 
of the method depicted in FIG. 6, in accordance with an 
illustrative embodiment of the present invention; 

FIG. 9 illustrates a time series of observed values for 
sample entropy, similarity of distribution, and average inter 
beat interval in a patient with diagnosed epilepsy; 

FIG. 10 illustrates a time series of observed values for 
sample entropy and similarity of distribution in the same 
patient as FIG. 9; 

FIG. 11 illustrates a time series of observed values for 
similarity of distribution minus sample entropy of two and 
half hours of monitoring with detected and marked pre-sei 
Zure and seiZure events based on threshold values in the same 
patient as FIG. 9; 

FIG. 12 illustrates a time series of observed values for 
statistical parameters related to heart rate variability (Percent 
age of differences between adjacent NN intervals that are >50 
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msec (PNN50), Standard Deviation Normal to Normal R-R 
intervals (SDNN), and Root Mean Square Successive Differ 
ence (RMSSD)) over tWo and half hours of monitoring With 
detected and marked seizure events, as Well as heart rate 
increases not contemporaneous With any seiZure event, in the 
same patient as FIG. 9; and 

FIG. 13 illustrates a time series of observed values for a 
spectral parameter related to heart rate variability (loW fre 
quency (LE) to high frequency (HF) ratio) over tWo and half 
hours of monitoring With a detected and marked seiZure 
event, as Well as increases in the LF/HF ratio not contempo 
raneous With any seiZure event, in the same patient as FIG. 9. 

While the invention is susceptible to various modi?cations 
and alternative forms, speci?c embodiments thereof have 
been shoWn by Way of example in the draWings and are herein 
described in detail. It should be understood, hoWever, that the 
description herein of speci?c embodiments is not intended to 
limit the invention to the particular forms disclosed, but on the 
contrary, the intention is to cover all modi?cations, equiva 
lents, and alternatives falling Within the spirit and scope of the 
invention as de?ned by the appended claims. 

DETAILED DESCRIPTION OF SPECIFIC 
EMBODIMENTS 

Illustrative embodiments of the invention are described 
herein. In the interest of clarity, not all features of an actual 
implementation are described in this speci?cation. In the 
development of any such actual embodiment, numerous 
implementation-speci?c decisions must be made to achieve 
the design-speci?c goals, Which Will vary from one imple 
mentation to another. It Will be appreciated that such a devel 
opment effort, While possibly complex and time-consuming, 
Would nevertheless be a routine undertaking for persons of 
ordinary skill in the art having the bene?t of this disclosure. 

This document does not intend to distinguish betWeen 
components that differ in name but not function. In the fol 
loWing discussion and in the claims, the terms “including” 
and “includes” are used in an open-ended fashion, and thus 
should be interpreted to mean “including, but not limited to.” 
Also, the term “couple” or “couples” is intended to mean 
either a direct or an indirect electrical connection. “Direct 

contact,” “direct attachment,” or providing a “direct cou 
pling” indicates that a surface of a ?rst element contacts the 
surface of a second element With no substantial attenuating 
medium there betWeen. The presence of small quantities of 
substances, such as bodily ?uids, that do not substantially 
attenuate electrical connections does not vitiate direct con 
tact. The Word “or” is used in the inclusive sense (i.e., “and/ 
or”) unless a speci?c use to the contrary is explicitly stated. 

The term “electrode” or “electrodes” described herein may 
refer to one or more stimulation electrodes (i.e., electrodes for 
delivering an electrical signal generated by an IMD to a 
tissue), sensing electrodes (i.e., electrodes for sensing a 
physiological indication of a patient’s body), and/or elec 
trodes that are capable of delivering a stimulation signal, as 
Well as performing a sensing function. 

In one embodiment, the present invention provides a 
method of detecting an epilepsy event. The epilepsy event can 
be, for example, at least one of an unstable brain state, a brain 
state indicative of an elevated probability of a seiZure, a brain 
state indicative of an impending seiZure, or a seiZure, among 
others. 

In one embodiment, the method comprises receiving data 
relating to a beat sequence of the patient’ s heart; determining 
at least one nonlinear analysis parameter associated With the 
beat sequence of the patient’s heart; comparing the nonlinear 
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6 
analysis parameter to at least one threshold; and providing an 
output indicative of at least one of an unstable brain state, a 
brain state indicative of an elevated probability of a seiZure, a 
brain state indicative of an impending seiZure, or a seiZure 
based upon the comparing of the nonlinear analysis param 
eter to the at least one threshold. 

In one embodiment, the present invention provides a 
method of taking action responsive to an epilepsy event in a 
patient, comprising receiving data relating to a beat sequence 
of the patient’s heart; determining at least one nonlinear 
analysis parameter associated With the beat sequence of the 
patient’s heart; comparing the nonlinear analysis parameter 
to at least one threshold; and taking a responsive action 
selected from Warning, logging the time of the seiZure, com 
puting and storing one or more seiZure severity indices, and 
treating the epilepsy event based upon the comparing of the 
nonlinear analysis parameter to the at least one threshold. 

In one embodiment, treating the epilepsy event comprises 
cranial nerve stimulation. Cranial nerve stimulation has been 
proposed to treat a number of medical conditions pertaining 
to or mediated by one or more structures of the nervous 

system of the body, including epilepsy and other movement 
disorders, depression, anxiety disorders and other neuropsy 
chiatric disorders, dementia, traumatic brain injury, coma, 
migraine headache, obesity, eating disorders, sleep disorders, 
cardiac disorders (such as congestive heart failure and atrial 
?brillation), hypertension, endocrine disorders (such as dia 
betes and hypoglycemia), and pain (including neuropathic 
pain and ?bromyalgia), among others. See, e.g., US. Pat. 
Nos. 4,867,164; 5,299,569; 5,269,303; 5,571,150; 5,215,086; 
5,188,104; 5,263,480; 6,587,719; 6,609,025; 5,335,657; 
6,622,041; 5,916,239; 5,707,400; 5,231,988; and 5,330,515. 
Despite the numerous disorders for Which cranial nerve 
stimulation has been proposed or suggested as a treatment 
option, the fact that detailed neural pathWays for many (if not 
all) cranial nerves remain relatively unknown, makes predic 
tions of e?icacy for any given disorder dif?cult or impossible. 
Moreover, even if such pathWays Were knoWn, the precise 
stimulation parameters that Would modulate particular path 
Ways relevant to a particular disorder generally cannot be 
predicted. 

In some embodiments, electrical neurostimulation may be 
provided by implanting an electrical device underneath the 
skin of a patient and delivering an electrical signal to a nerve 
such as a cranial nerve. In another alternative embodiment, 
the signal may be generated by an external pulse generator 
outside the patient’s body, coupled by an RF or Wireless link 
to an implanted electrode. 
The data relating to a beat sequence of the patient’s heart 

can be gathered by any of a number of techniques. For 
example, data relating to a beat sequence may be gathered by 
an electrocardiogram (ECG) device, such as the CardioBelt 
ECG acquisition system (offered by Monebo Technologies, 
Inc ., Austin, Tex.). In one embodiment, the data relating to the 
beat sequence may be related to the R-Waves of the beat 
sequence, such as a time series of R-Waves or a series of R-R 
intervals. Those skilled in the art having bene?t of the present 
disclosure Would appreciate that other time series of cardiac 
Waves and/or their ?ducial points (e.g., P Waves, T Waves, 
etc.) may be used and still remain Within the spirit and scope 
of the present invention. 

Data relating to R-Waves may be gathered by an ECG 
device or, in one embodiment, by a vagus nerve stimulator, 
such as described in US. patent application Ser. No. 12/258, 
019, ?led Oct. 24, 2008, Which is hereby incorporated by 
reference herein. 






















